Introduction
One of distinctive features of the recent intelligent autonomous robot from the conventional industrial robot is the mobility, which makes the robot overcome the limited workspace and expands it arbitrary. For autonomous navigation in workspace, a mobile robot should be able to figure out where it is and what direction it moves towards, which is called the self-localization (Singh & Keller, 1991) . The self-localization capability is the most basic requirement for mobile robots, since it is the basis of the on-line trajectory planning and control. The trajectory error of a dead-reckoning navigation, which relies only on the internal sensor such as the odometer or the encoder, grows with time and distance. Therefore, an external sensor is necessary in order to localize the position of the robot in the workspace and to compensate it for the trajectory error. Among the several alternatives, the ultrasonic sensor is regarded as the most cost-effective external sensor and it is widely used for general purposes (Kuc & Siegel, 1987) . The methods of the self-localization using the external sensors can be classified into two groups: local methods and global methods. (1) In the local method, a mobile robot makes a local object map using the relative distance data from the environmental objects and matches the local map with a global map database. As a result, the mobile robot figures out its own position in the workspace. (2) In the global method, the mobile robot computes its position directly in the global coordinates using the distances from some reference positions in the workspace. The local method has some advantages in that collision-avoidance motion and mapreconstruction for the transformed environment are made possible by using the distance sensors as well as the self-localization system. However, this requires massive computations in terms of the local map-making and the matching processes with the global map database. In the extreme case, the robot has to stop moving momentarily in order to obtain the necessary environmental information (Leonard & Durrant-Whyte, 1992) (Ko et al., 1996) . On the other hand, in the global method, the local map-making and the matching processes are avoidable and the self-localization is computationally efficient and fast (Leonard & Durrante-Whyte, 1991) (Hernandez et al., 2003) . A global ultrasonic system presented in this chapter is a kind of a pseudo-lite system with a 384 Mobile Robots, Perception & Navigation well-known GPS like structure (Haihang et al., 1997) . For the self-localization of an indoor mobile robot, the global ultrasonic system consists of four or more ultrasonic generators fixed at reference positions in global coordinates and two receivers mounted on the mobile robot. Based on the distance measurements between the ultrasonic generators and the receivers and the appropriate data fusion algorithm for the distance data, it is possible to compute the position of the mobile robot in global coordinates. When several ultrasonic generators are used under a system, the following problems should be taken into consideration;
(1) Cross talk between ultrasonic signals (2) Identification of each ultrasonic signal (3) Synchronization between each ultrasonic generator and the receiver to count the TOF(Time-Of-Flight) of ultrasonic signal In order to solve the above problems, a small-sized RF (Radio Frequency) module is added to the ultrasonic sensors and the RF calling signal is transmitted from the ultrasonic receiver side, i.e. the mobile robot. By using this configuration, the robot is able to control triggering time and sequence of ultrasonic signal generation as well as to synchronize the ultrasonic sensors, so that to localize its own position in the global coordinates. In this chapter, we propose a global ultrasonic system and adopt the EKF (Extended Kalman Filter) algorithm designed for the self-localization. The performance of the autonomous navigation system based on the self-localization is verified through extensive experiments.
A global ultrasonic system
The overall structure of the global ultrasonic system is depicted in Fig. 1 . The ultrasonic generators are fixed at known positions, ,,
, , 4 i =⋅ ⋅ ⋅ in the work space, e.g. at each corner of the ceiling. Using the front and the rear ultrasonic sensors situated at f P and r P , the mobile robot receives the ultrasonic signal and computes the distances by counting the TOF of the signal. It is conveniently assumed in Fig. 1 that the number of ultrasonic generators is four, which can be increased as needed in consideration of the workspace size and objects in the immediate environment. In order to avoid cross-talk between the ultrasonic signals and to synchronize the ultrasonic receivers with the generators, the RF receivers,
14
RX RX , and the RF transmitter, TX , are added to the ultrasonic generators and the ultrasonic receivers, respectively. By using the RF channel, the mobile robot sequentially activates each one of the ultrasonic generators in successive time slots. Assuming that the delivery time for the RF calling signal is negligible, the ultrasonic signal generation occurs simultaneously with the RF calling signal transmission and it is possible to synchronize the ultrasonic generators with the receivers. In Fig. 1 , 
where l represents the distance between the center position of the mobile robot and the ultrasonic receiver, and θ denotes the heading angle of the mobile robot. It is assumed that the moving surface is flat, so that the z component of the position vectors is constant as c z in (1). 
The EKF for the self-localization and the autonomous navigation algorithm
The position vector in the x y − plane, ,
, together with the heading angle, θ , of a mobile robot having differential wheels, follows the state equation (2) in the discrete-time domain (Fox et al., 1997) : As a consequence of (1) and (2), the state equation for the ultrasonic receivers on the robot can be described as follows: 
cos 0 sin TT , which is called by the mobile robot at time k . From the state Eq. (3-1) and the measurement Eq. (4-1), it is possible to get the following set of equations constituting the EKF estimation for the front ultrasonic receiver position:
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represent the a priori and a posteriori error covariance matrices, respectively, as defined in (7).
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where () ⋅ E denotes the expectation of the corresponding random variables. The Jacobian matrices,
H , in (6) are given as follows:
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Assuming that the estimation error covariances for positions of the front and the rear ultrasonic receiver are the same, the error covariances of the posture estimation are given in (12) as shown in Fig. 2 . 
Eq. (12) implies that the estimation for heading angle becomes more accurate according to the distance between the two ultrasonic receivers. Based on the self-localization given in (11), a simple control input, k υ and k ω , to drive the mobile robot toward the given goal position,
[ xy = g r can be written as (13). 
where c and k θ are positive constants. The mobile robot adjusts its heading angle toward the intended position and moves with the constant velocity as depicted in Fig. 3 . Fig. 3 . Navigation control.
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Experiments and Discussions
In order to verify the performance of the EKF based self-localization and autonomous navigation system using the global ultrasonic system, a simple experimental set-up was established as shown in Fig. 4 , which has dimension of 1,500 mm and 1,500 mm in width and length respectively and 2,500 mm in height. The ultrasonic generators installed with the RF receivers are fixed near the four corners of the ceiling and their positions are described in (14). 
At first, a preliminary experiment was carried out for the ultrasonic calibration and the result is presented in Fig. 5 . 
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The linear equation relating the ultrasonic TOF to the real distance is given in (15), as obtained from the least-square method, and the variance of the measurement noise is specified as (16). 0.34533 57.224 DT =⋅ − (15)
where () D mm represents the real distance between the ultrasonic generator and the receiver and ( sec) T µ is the ultrasonic TOF. (a) Position estimation in x axis.
(b) Position estimation in y axis.
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The autonomous navigation system using the global ultrasonic system is compared to the dead-reckoning navigation system on the straight line connecting the initial posture, The size of the ultrasonic region in the work space is dependant on the beam-width of the ultrasonic generator. In the case of a general ultrasonic ranging system, in which both the signal generator and the receiver are lumped together, an ultrasonic generator with a narrow beam-width is preferable in order to avoid the ambiguity and to enhance the measurement accuracy. On the other hand, the proposed global ultrasonic system, which has a distributed signal generator, requires the use of a wide beam-width generator, in order to expand the ultrasonic region in the work space.
Conclusions
In this chapter, the global ultrasonic system with an EKF algorithm is presented for the selflocalization of an indoor mobile robot. Also, the performance of the autonomous navigation based on the self-localization system is thus verified through various experiments. The global ultrasonic system consists of four or more ultrasonic generators fixed at known positions in the workspace, two receivers mounted on the mobile robot, and RF modules added to the ultrasonic sensors. By controlling the ultrasonic signal generation through the RF channel, the robot can synchronize and measure the distance between the ultrasonic generators and receivers, thereby estimating its own position and heading angle. It is shown through experiments that the estimation errors are less than 25 mm in terms of the position and less than 0.32 . rad in terms of the heading angle. Since the estimation error of the heading angle is dependant on the distance between the two ultrasonic receivers on the robot, it is possible to obtain a more accurate estimation for the heading angle by increasing this distance. The global ultrasonic system has the following salient features: (1) simple and efficient state estimation since the process of local map-making and matching with the global map database is avoidable due to the GPS-like nature of the system, (2) active cuing of the ultrasonic generation time and sequence through the RF channel, and (3) robustness against signal noise, since the ultrasonic receiver on the mobile robot processes the signal received directly from the generator, instead of through an indirect reflected signal. In this chapter, it is assumed that an ideal environment exists without any objects in the workspace. Environmental objects may result in an area of relative obscurity, which the ultrasonic signals cannot reach. It is possible to overcome the problems associated with environments containing obstacles by increasing the number of ultrasonic generators in the work space as needed. This enhancement is currently being studied.
